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Teaser: Building quantum network with room-
temperature atomic and all-optical memories for
scalable quantum information processing.
Quantum memory capable of storage and re-
trieval of flying photons on demand is crucial
for developing quantum information technologies.
However, the devices needed for long-distance
links are quite different from those envisioned
for local processing. Here, we present the first
hybrid quantum memory enabled network by
demonstrating the interconnection and simulta-
neous operation of two types of quantum mem-
ory: an atomic-ensemble-based memory and an
all-optical loop memory. The former generates
and stores single atomic excitations that can then
be converted to single photons; and the latter
maps incoming photons in and out on demand,
at room-temperature and with a broad accep-
tance bandwidth. Interfacing these two types of
quantum memories, we observe a well-preserved
quantum cross-correlation, reaching a value of 22,
and a violation of the Cauchy-Schwarz inequal-
ity up to 549 standard deviations. Furthermore,
we demonstrate the creation and storage of a
fully operable heralded photon chain state that
can achieve memory-built-in combining, swap-
ping, splitting, tuning and chopping single pho-
tons in a chain temporally. Such a quantum
network allows atomic excitations to be gener-
ated, stored, and converted to broadband pho-
tons, which are then transferred to the next node,
stored, and faithfully retrieved, all at high speed
and in a programmable fashion.
INTRODUCTION
A quantum network consisting of a large-scale distri-
bution of quantum nodes and interconnecting channels
remains an overarching goal for quantum information
∗ xianmin.jin@sjtu.edu.cn
science. Such a network could be used for quantum-
enhanced technologies which promise to outperform clas-
sical systems in the fields of communication, computing
and metrology [1]. Unfortunately, quantum channels suf-
fer from exponential loss and high latency [2, 3]. In addi-
tion, the probabilistic generation of quantum states limits
the scale of quantum systems [4, 5]. Quantum memo-
ries capable of storing quantum states [6] permit quan-
tum communication over long distances with quantum
repeaters [7, 8], and avoid the non-deterministic nature
of quantum state generation by synchronizing stochastic
events [9–13].
Various works have been motivated on quantum mem-
ory theory and relevant physical implementations, such
as optical delay lines and cavities [14–17], electromagneti-
cally induced transparency (EIT) [18–20], the DLCZ pro-
tocol [8, 21, 22], photon-echo quantum memory [23, 24],
off-resonant Faraday interaction [25], Raman memory
[26, 27], and ATS memory [28]. In order to make a quan-
tum memory device practical for scalable and high-speed
quantum information processing, the key requirements
that have to be satisfied include broad acceptance band-
width, high efficiency, long lifetime, low noise level, and
the capability of running at room temperature.
However, for the last 20 years, it has been proven
very challenging to meet all these requirements simul-
taneously. Considerable efforts have been made in push-
ing the bandwidth from the kHz and MHz regime to the
GHz regime, and temperature from near absolute zero
to room temperature [18–23, 25–27]. At room tempera-
ture, EIT and near off-resonant Raman memories suffer
from fluorescence noise which is impossible to be filtered
out spectrally [29]. As for far off-resonance Raman mem-
ory, while it eliminates fluorescence noise, a new intrinsic
noise related to spontaneous Raman scattering emerges
[30].
Recently, we have realized a broadband and room-
temperature Far Off-Resonance Duan-Lukin-Cirac-Zoller
(FORD) quantum memory, capable of operating with a
high fidelity in the quantum regime [31]. Now we are
pursuing a quantum memory that is broadband, room-
temperature, and more importantly, compatible with the
FORD quantum memory for further storing Stokes/anti-
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2FIG. 1. A schematic diagram and experimental setup for a hybrid quantum memory enabled network. a. A
quantum network consists of two different-functional nodes and their interconnections. b. Write and read processes of FORD
quantum memory. Solid lines represent three-level Λ-type configuration of atoms, in which states |g〉 and |s〉 are hyperfine
ground states of cesium atoms (∆s = 9.2 GHz); state |e〉 is excited state; dash lines represent broad virtual energy levels
induced by the write and read pulses. c. Setup of FORD quantum memory. WP: Wollaston prism. PBS: polarization beam
splitter QWP: quarter wave plate, HWP: half wave plate. d. Time sequences of FORD quantum memory. e. Polarization
switching in the mapping in-and-out processes shown in Bloch spheres. f. Setup of Loop quantum memory. The Pockels cell in
loop is controlled by write and read electrical signals from two channels of a field-programmable gate array (FPGA) module.
A 500-meter-long fiber is introduced to coordinate with the Loop memory as another switching path against photon loss. Four
avalanche photodiodes (APDs) are used to detect photons in a chain with small time interval. PC: Pockels cells. g. Time
sequences of Loop memory. The time interval τ2 between write and read signals can be any positive integral multiples of one
cycle period τ .
Stokes photons (i.e. mapping in) and retrieving them
(i.e. mapping out) for controlled durations, without any
additional noise. Progress towards such a memory has
been made by using excited states of atoms [32, 33] al-
beit with a limited lifetime.
Alternatively, loop architecture has shown the capabil-
ity to trap and control photons by employing ultra-low-
loss optical elements, which can avoid introducing any
additional noise [18, 27, 30, 35]. The idea of loop ar-
chitecture can be traced back to 1993 [14], and though
being seemingly straightforward, it is actually very chal-
lenging to realize in practice. Continuous efforts have
been made to improve its performance and practicabil-
ity [10, 12, 13, 15–17, 34], and recently, extremely low
3loss has been achieved, enabling high-efficiency single-
[10, 13] and multi-photon generation [12]. A Loop quan-
tum memory, consisting of an all-optical storage loop and
controllable polarization switches, can map broadband
flying single photons in and out at room temperature,
which thus complements the FORD quantum memory.
Here, we propose and experimentally demonstrate
a broadband, room-temperature and hybrid quantum
memory enabled network. The hybrid network com-
bines a broadband FORD memory with a compatible
all-optical Loop memory. The network generates non-
classical optical states in a built-in and time-controllable
fashion in a warm atomic ensemble, and traps these states
in an all-optical loop (see Figure 1a). This hybrid quan-
tum memory system is capable of combining, swapping,
splitting and chopping single photons in a chain tempo-
rally, as well as finely tuning the time of each individual
photon. Some of these tasks have been realized in the
frequency domain for coherent light [36], but have never
been achieved in the time domain or for genuine quantum
light. After traversing the two memory devices succes-
sively, the quantum states are observed to be high-fidelity
Fock states. We measure the cross-correlation and find
that it exceeds the classical Cauchy-Schwarz bound [37]
by more than 500 standard deviations, establishing that
our memories would be capable of violating a Bell in-
equality [38], enabling the detection of non-classical be-
havior and that they could be deployed in quantum ap-
plications.
RESULTS
The schematic view of the FORD protocol is shown in
Figure 1(b,c,d). A strong write/read pulse is incident
on an atomic ensemble, creating a Stokes photon via
spontaneous Raman scattering, which heralds the suc-
cessful creation of an atomic excitation [8]. After a pro-
grammable delay τ1, the corresponding anti-Stokes pho-
ton is retrieved, where the retrieval efficiency in principle
can also reach 100% [26]. The strong and broadband
write/read pulses undergo a much larger detuning than
that is usually applied in the standard DLCZ protocol,
which makes the acceptance bandwidth very broad for
Stokes/anti-Stokes photons. The strong write pulse with
a detuning ∆W creates a broadband Stokes photon, while
the atomic ensemble with a single created excitation be-
comes [8, 39]
|ψ〉= 1√
N
N∑
j=1
ei(
~kW−~kS)·~rj |g1g2...sj ...gN 〉 (1)
where N is the number of atoms, ~kW (~kS) is the wave
vector of the write (Stokes) pulse, and ~rj is the coordi-
nate of the jth atom which is excited to state |s〉. After
a programmable time delay τ1, a read pulse with a de-
tuning ∆R transforms the collective excitation state into
a broadband anti-Stokes photon. The measured band-
width is about 500 MHz, calculated by a convolution-
based approach [31].
Connected by an optical fiber, flying anti-Stokes pho-
tons are transmitted to the remote all-optical Loop mem-
ory. As is shown in Figure 1 (e,f,g), once the anti-Stokes
photon is mapped in the loop, high-speed polarization
switches (Pockels cells) are activated. The first control
pulse applied to the Pockels cell in the loop switches the
photon to be vertically polarized. The photon then cycles
counterclockwise for a controllable time τ2, until the sec-
ond control pulse applied to the Pockels cell maps it out
by switching its polarization back to horizantal. Then
the retrieved anti-Stokes photon is collected by a fiber
coupler, and a standard Hanbury Brown-Twiss experi-
ment can be conducted to study photon statistics with a
50:50 fiber beam splitter and avalanche photodiodes. Re-
markably, the bandwidth of our all-optical Loop memory
is much higher than tens of THz, and is only limited by
the response bandwidth of linear optical elements, which
means the Loop memory matches the bandwidth of the
FORD memory.
The retrieved distributions of anti-Stokes photons trig-
gered by Stokes photons after the FORD memory are
illustrated in Figure 2 (a,b). We attribute the slight de-
cline of retrieval efficiency to be loss induced by atomic
motion. The retrieved distribution of injected photons
after the Loop memory are illustrated in Figure 2 (c,d).
The retrieval efficiency of the Loop memory can be ob-
tained by comparing the counts of the mapped-out anti-
Stokes photons with the values before being mapped into
the loop, which reaches 90% for short storage times. The
decrease mainly results from photon loss due to multiple
reflection and dispersion from the optical elements in the
loop. The red fitted curve in Figure 2d implies that our
current devices (two Pockels cells are being upgraded to
a single fast and low-loss one) enable light storage for
around 10 cycles in the loop. Insert figures show that
the pulse shapes associated with the broadband nature
of the released anti-Stokes photons are well preserved.
The main limitation of the FORD memory’s retrieval
efficiency here is the lack of another independent laser
generation system. In our current experimental setup,
since the frequencies of write and read pulses are the
same, the detuning of read process is much smaller than
that of write process. As a result, the read process may
happen immediately after an excitation is created, lead-
ing to the limited retrieval efficiency. The problem can be
solved by preparing the write and read pulses indepen-
dently with different lasers. Therefore, the read effect in
the write process can be suppressed greatly, or can even
be ignored, resulting in much higher retrieval efficiency.
In addition, other possible solutions include increasing
the pulse energy [26]), optimizing the pulse shape [40],
harnessing cavity enhancement [41] and using a double-
pass geometry [42].
4FIG. 2. Retrieval efficiency of FORD and Loop memory. a. The retrieved distribution of anti-Stokes photons triggered
by Stokes photons as a function of τ1. c. The retrieved distribution of injected photons as a function of τ2, with the circulation
period τ being 10.4 ns. b and d. The red solid lines fit the measured retrieval efficiency of the FORD and Loop memories.
Inset figures show the pulses at τ1 = 600 ns and τ2 = 114.4 ns with Gaussian fits, giving the duration of the retrieved broadband
pulses. Comparing with the duration of 1.6 ns measured before the Loop memory, the pulse shape is well preserved. The
transmission per roundtrip is 90% (two Pockels cell are utilized in the loop with the same clock rate of 50 kHz and rise time of
5 ns, and the transmittance for each Pockels cell is 97%).
A. Quantum correlations in a hybrid quantum
memory network
In order to evaluate the ability of our memories to pre-
serve quantum correlations, we measure the second-order
correlation function g
(2)
S-AS (τ1, τ2) between the retrieved
anti-Stokes mode and the Stokes mode. The results are
presented in Figure 3 as functions of storage time τ1 and
τ2. The decrease of g
(2)
S-AS (τ1, τ2 = 31.2 ns) of the FORD
memory (see Figure 3a) mainly comes from atomic mo-
tion [43] and background noise, while the slight drop of
g
(2)
S-AS (τ1 = 30 ns, τ2) of the Loop memory (see Figure 3b)
comes from the decrease of the count rate as the effi-
ciency drops. At the initial values of storage time, the
nonclassicality can be revealed clearly by a violation of
Cauchy-Schwarz inequality [37](
g
(2)
S-AS
)2
≤ g(2)S-S · g(2)AS-AS (2)
by up to 549 standard deviations (the measured cross-
and auto- correlations are g
(2)
S-AS = 22.63±0.93, g(2)AS-AS =
1.57 ± 0.50, g(2)S-S = 2.11 ± 0.25 ). The storage time at
which the cross-correlation drops to 1/e of its maximum
value [20, 43] can be viewed as the maximum storage
time over which the memories preserve quantum coher-
ence and quantum correlations. This lifetime, for the
FORD memory, is 1.45µs, while for the loop memory
this lifetime is 1.22µs. Note that the retrieval efficiency
of the loop memory decays more quickly in time than
the FORD memory, but the loop memory is also free of
any noise processes such as fluorescence and four-wave
mixing, which explains why it is capable of preserving
quantum correlations for almost as long as the FORD
memory. Indeed for a short storage time of 10.4 ns, there
is no measurable degradation in the g
(2)
S-AS cross correla-
tion between the input and retrieved fields: for the input
field we find g
(2)
S-AS = 21.1±0.8 and for the retrieved field
we measure g
(2)
S-AS = 21.5± 1.3.
In a hybrid network suitable for quantum applications
(Figure 1a), it should be possible to generate photons and
to transfer them individually between quantum memo-
ries in a programmable way. Here we demonstrate one
aspect of this functionality, by sequentially writing and
then reading photons with intermediate storage times in
both memories. As an example, we choose the point
shown in the middle of Figure 3c, with τ1 = 480ns,
τ2 = 122.4ns. The g
(2)
S-AS is found to be 14.43 ± 0.47,
which is in good agreement with the prediction of 14.47
found using a simple model in which the best fit decay
curves presented in Figure 3 (a,b) are multiplied together.
In a large area, including the point (480 ns,122.4 ns), the
cross-correlations in such a hybrid quantum memory en-
abled network all exceeds the key boundary of 6. This,
as suggested in [38], means that the correlations between
the Stokes and anti-Stokes photons are strong enough, in
principle, to violate a Bell inequality.
5FIG. 3. Measured cross-correlation as a function of storage time. a. The cross-correlation g
(2)
S-AS (τ1, τ2 = 31.2 ns)
is fitted with form g
(2)
S-AS (τ1) = 1 + C/
(
1 +Aτ1 +Bτ1
2
)
, where the quadratic term describes atomic motion, and the linear
term comes from background noise. b. The cross-correlation g
(2)
S-AS (τ1 = 30 ns, τ2) is fitted with form g
(2)
S-AS (τ2) = Ae
−Bτ2 ,
which follows the exponential decay of the memory efficiency. The data are obtained under the condition of a write/read beam
waist being 214µm, and the detuning ∆R = 4 GHz. Error bars are derived assuming Poissonian statistics of the individual
photocounts. c. Joint cross-correlation of the hybrid quantum memory enabled network as a function of storage times. The
surface is well described by the product of the two decay functions. The inset provides a top view of the measured points.
B. Creation and storage of a fully operable
heralded photon chain state
To better demonstrate the unique features of our hy-
brid quantum memory system, we further perform the
storage of a fully operable heralded photon chain state.
The hybrid quantum memory system is capable of com-
bining, swapping, splitting and chopping single photons
in a chain temporally, as well as finely-tuning the tim-
ing of each individual photon. To realize this, we add a
feedback loop to repeat the spontaneous Raman process
in the FORD memory until a Stokes photon is triggered
successfully. Such a repeat-until-success scheme enabled
by quantum memory increases the excitation rate up to
10 times. Meanwhile, the lifetime of the FORD memory
is prolonged from 1.44µs to 2.24µs, by optimizing the
spatial mode of the addressing light, in order to cover
the feedback period which is around 1µs. A 500-meter-
long fiber is introduced as a fixed delay line to coordinate
with the Loop memory, which can mitigate the lifetime
difference between the FORD and Loop quantum memo-
ries, allowing versatile two-memory coordination. More-
over, in order to store more temporal modes in a single
loop, the circulation period is prolonged from 10.4 ns to
20.3 ns. Time sequences are shown as Figure 4a. More
experimental details can be found in Supplementary Ma-
terials.
As is shown in Figure 4b, defining several temporal
modes in different colors, two flying anti-Stokes photons
in arbitrary input temporal modes can be mapped to any
desired output temporal modes, presenting functions as:
first in first out (FIFO), first in last out (FILO), combin-
ing and splitting two single photons. Furthermore, the
time interval between two heralded anti-Stokes photons
can be finely tuned by the delay of write pulses in the
FORD memory, coordinating with the Loop memory in
the temporal control of photons. In particular, as Figure
4c shows, the temporal mode of anti-Stokes photons can
be finely tuned with a step of 2 ns. Apart from tempo-
ral mode shifting, each of the single photons in the chain
can be chopped into two temporal modes with tunable
probability, shown in Figure 4d. The observed cross-
correlation between two heralded anti-Stokes photons af-
ter two memories reaches 8.8, leading to a strong contrast
with the measured cross-correlation of noise (1.0), and
exceeding the bound of 6 needed to achieve a Bell viola-
tion. More measured cross-correlation values are shown
in the Supplementary Materials.
DISCUSSION
The technical requirements for a quantum repeater
are quite different from what are needed for local syn-
6FIG. 4. Experimental creation and storage of a fully operable heralded photon chain state. a. Schematic diagram
of creating a two-photon chain with tunable interval, and mapping the chain in and out to various temporal modes. t1 is
the storage time of FORD memory; t2 is the time interval between two heralded anti-Stokes photons (AS1 and AS2); t3 is
the interval between AS1 and AS2 after a 500-meter fiber and two Pockels cells; t4 represents the interval between AS1(AS2)
and the first part of AS2(AS1); and t5 is the interval between two chopped parts. The circulation period τ here is 20.3 ns,
where the transmission rate of the Pockels cell in the loop is 95% with a clock rate of 30 MHz and a rise time of 5 ns. b.
Various temporal modes of anti-Stokes photons are marked in different colors. Heralded photons can be mapped out of the
Loop memory to arbitrary temporal modes defined. The transmission rate of anti-Stokes photons between two memories is
around 12.4%. FIFO: First In First Out; FILO: First In Last Out. c. Fine tuning of the mapped-out photons with a step of
2 ns. The inset portrays the shape of the mapped-out anti-Stokes photons. d. Demonstration of chopping a single photon in a
chain, where the probability is continuously tunable by adjusting half-wave voltage of the Pockels cell in the loop. The pulse
shadows represent the sum of AS1(AS2) and AS1’(AS2’). Inserted bar graphs are measured cross-correlation values. More
detailed values from t1 to t5 and cross-correlations can be found in Supplementary Materials.
7chronisation. For a local photonic processor, entangling
operations need to be attempted at a high rate, in or-
der to build up a cluster state or similar, as a resource
for quantum computing. Therefore, a memory must be
able to store an incident optical mode that is already
entangled with a wider system. The system clock rate
should be high so that a large entangled state can be
built, whereas latency is low. On the other hand, for a
quantum repeater, only two parties are connected, so it is
sufficient to distribute entanglement over a chain of lin-
ear segments. Bandwidth is important but not critical,
whereas high signal latencies mean that a system with
the potential for long storage times is valuable.
In addition, future photonic quantum processors could
be securely connected over distance, provided that the
primitive network elements are compatible. While we be-
lieve that the FORD quantum memory can be a building
block for scalable quantum technologies, a network also
requires memories that can store incoming photons, the
functionality for which is provided by the Loop memory.
Here we have shown that a Loop quantum memory for ar-
bitrary input states, with high operating bandwidth but
limited intrinsic lifetime, can behave as a node consti-
tuting a local photonic processor, and a FORD quantum
memory, with long lifetime but technically more com-
plex atomic-ensemble system, can serve as a main node
linking other local photonic processors for constructing
large-scale quantum networks.
In summary, we have proposed and experimentally
demonstrated a broadband, room-temperature and hy-
brid quantum memory enabled network. The demon-
strated building block consists of two different-functional
quantum nodes: an atomic-ensemble-based memory ca-
pable of generating and storing quantum states, and an
all-optical memory for mapping incoming photons in and
out, at room-temperature and with high bandwidth. The
two types of quantum memory are complementary in
functionality, and are compatible with each other, both
running at room-temperature and with broad bandwidth.
Our demonstration may provide a route towards scal-
able quantum information processing [4–7], which re-
quires the capability to create, store and distribute quan-
tum states on-demand across a large numbers of nodes
through interconnecting channels [44]. The performance
of two types of quantum memories can be further im-
proved in the future [12, 13, 45], especially the ultra-low
loss of loop architecture has been achieved experimen-
tally. The currently achievable lifetime of the two quan-
tum memories is at the microsecond level. However, the
enabled hybrid quantum network would already be ap-
plicable in building quantum computers and quantum
simulators locally.
MATERIALS AND METHODS
Experimental details of FORD quantum mem-
ory: We employ cesium atoms 133Cs to achieve a large
optical depth due to its higher saturated vapor pressure
compared with other alkali atoms. The 75-mm-long ce-
sium cell with 10 Torr Ne buffer gas is placed into a mag-
netic shield, and is heated up to 61◦C to obtain an optical
depth of about 5000. A horizontally polarized write/read
laser beam creates Stokes and anti-Stokes photons with a
programmable time lag. In our FORD memory, write and
read pulses are co-propagating for maximizing the spin
wave lifetime [43]. It has been shown that Stokes (anti-
Stokes) photons are collinear with write (read) pulses
[46], but with orthogonal polarization [47], so we use a
Wollaston prism to separate the retrieved photons from
the strong addressing light. Meanwhile, since Stokes
and anti-Stokes phtons are also co-propagating under
the phase-matching condition, six home-built cavities ar-
ranged in a double pass configuration are employed to
split Stokes and anti-Stokes photons. The transmission
rate of each cavity reaches around 90% while the extinc-
tion rate of each cavity against noise is up to 500:1.
Experimental details of storing a heralded pho-
ton chain state. We generate two heralded anti-Stokes
(AS1 and AS2) photons successively in the FORD quan-
tum memory in a built-in and time-controllable fashion.
To maintain the high nonclassicality, the pump, read and
write pulses are applied each time before an anti-Stokes
photon is retrieved. Limited by the response rate of
our Pockels cells, the operation period is 21.6µs, dur-
ing which two anti-Stokes photons are created. After
transmitting through the cavity filters, the first photon
AS1 is selected to enter a 500-meter-long fiber with ad-
ditional 2.5µs delay, mitigating the fixed time difference
caused by the long state preparation period for the two
anti-Stokes photons. The second photon AS2 does not
pass through the fiber.
Since the circulation period of the Loop memory is
20.3 ns and the rise/fall time of our Pockels cells is 5 ns,
a two-photon chain state can be stored in the Loop mem-
ory, and each of the photons can be addressed indepen-
dently in the time domain. In our experiment, we demon-
strated several functions that can be realized in such a
hybrid quantum network. FIFO: the sequence of two
mapped-out photons is conserved. FILO: the sequence
of two mapped-out photons is reversed, by storing AS1
for more time than AS2. Combining: the two anti-Stokes
photons with a large gap can be stored successively and
retrieved as a two-photon chain state. Splitting: the gap
between two anti-Stokes photons is increased by storing
AS2 for more time than AS1. Chopping: each single pho-
ton in a chain can be mapped out with a tunable prob-
ability, and into different temporal modes on-demand.
Furthermore, the fine-tuning of single photons can be re-
alized by adjusting the time delay of the read process
in FORD memory. The nonclassicality under all these
situations is verified by the measured cross-correlation
values. More details can be found in Supplementary Ma-
terials III.
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SUPPLEMENTARY MATERIALS
I. Improved lifetime of FORD memory
In order to further increase the memory lifetime to
allow feedback-enhanced preparation of heralded single
photon chain state, we optimize the spatial mode of
read/write pulses in FORD quantum memory. The life-
time of FORD memory is defined as the value of cross-
correlation dropping to 1/e. Since the decrease of cross-
correlation between Stokes and anti-Stokes photons is
mainly caused by atomic motion, we enlarged the beam
waist of write/read pulses from 214µm to 385µm. There-
fore, it takes more time for excited atoms to run out of
interaction region, which brings longer lifetime of FORD
quantum memory from 1.44µs to 2.24µs, as is shown
in Figure 5. The results are fitted by g
(2)
S-AS (τ1) =
1 + C/
(
1 +Aτ1 +Bτ1
2
)
, where quadratic term comes
from atomic motion (Ref. 43), and linear term comes
from background noise. In addition, the spatial mode of
control light is also optimized as Gaussian beams, which
can be seen form the insets of Figure 5.
II. Improved bandwidth-match between signal
photons and cavity filters
Since the polarizations of generated Stokes photons
and anti-Stokes photons are the same, in our system,
two sets of home-made cascaded Fabry-Pe´rot interfer-
ometers serve as frequency filters, resonant with Stokes
photons and anti-Stokes photons respectively. In the ex-
perimental results shown in Figure 2 and 3 in the main
text, the bandwidths of Stokes and anti-Stokes photons
are around 500 MHz. Later, we optimized the bandwidth
precisely to around 300 MHz to match our cavity filters.
The newly obtained results of storing the photon chain
state shown in Figure 4 are measured under the condition
of the storage bandwidth being around 300 MHz. Here
we introduce the bandwidth measurement method that
we have developed.
We firstly obtain the total transmission spectra of the
cavities to be 396 MHz for Stokes filters and 380 MHz
for anti-Stokes filters, shown in Figure 6(a). In order to
match the bandwidth of cavity filters better, the band-
width of FORD is optimized by using wider write/read
pulses in the time domain (from 2 ns to 4 ns). According
to the convolution-based approach (Ref. 31), scanning
the detuning of write/read pulses, we record the distri-
butions of Stokes and anti-Stokes photons, as shown in
Figure 6(b). And eventually, the spectra of Stokes and
anti-Stoke photons can be calculated by utilizing convo-
lution theorem and Fourier transform. As is shown in
Figure 6(c), the bandwidths of Stokes photons and anti-
Stokes photons are around 300 MHz.
III. Experimental scheme of operating a photon
chain state
Here we perform a new experiment of storing a fully
operable heralded photon chain state, capable of combin-
ing, swapping, splitting and chopping single photons in a
chain temporally, as well as finely tuning the time of each
individual photon inside quantum memory. A heralded
flying photon chain state is created via spontaneous Ra-
man process of FORD memory, and is combined with the
first heralded anti-Stokes photon (AS1) and the second
heralded anti-Stokes photon (AS2). Then the photon
chain can be mapped into the Loop memory, and after a
programmable storage time, finally photons in the chain
can be mapped out into various temporal modes inde-
pendently. The number of photons that a loop can store
depends on its circulation period and switching response
rate. In our system, since the rise/fall time of Pockels
cells is 5 ns, we prolonged the circulation period of our
loop from 10.4 ns to 20.3 ns, so that we can store a two-
photon chain state with a 10 ns interval between photons
in the loop. Furthermore, since the interval between two
photons is quite small, we upgrade the speed of polariza-
tion control system from 50 kHz to 30 MHz, making the
operating of single photons in chain possible.
Interesting things are that the interval between two
photons in a chain can be finely tuned by FORD mem-
ory, and either of the photons can be mapped in and out
of the Loop memory, with independent programmable
storage time. Furthermore, each of the single photons in
the chain can be chopped into two independent tempo-
ral modes with tunable probability, leading to two dif-
ferent output modes AS1(AS2) and AS1’(AS2’), of one
single photon. The schematic diagram is shown in Fig-
ure 7. The observed cross-correlation between S1(S2) and
mapped out AS1/AS1’ (AS2/AS2’) reaches 8.8, making
a strong contrast with the measured cross-correlation of
noise (1.0), and well exceeds 6, which ensures the vi-
olation of Bell’s inequality. Measured values of cross-
correlation functions are shown in Figure 8, and Table
I.
Since the high-voltage driver we employed is digital
(only fixed half-wave voltage can be applied to the Pock-
els cells), according to the architecture of Loop mem-
ory and the birefringence of wave plates, photons trans-
mitted through the crystal twice will be mapped out by
more than 75% probability. As is shown in Figure 9(a),
we calculate the probability distributions of mapped out
photons as functions of half-wave voltage, after multiple
passing through the crystal from the first circle to the
tenth. We can see that after transmitting through the
crystal twice, photons can be mapped out with a high
probability, thus we mainly consider the mapped-out
pulses of the first and second rounds. Therefore, in this
demonstration, only two temporal modes of AS1(AS2)
and AS1’(AS2’) are presented in Figure 9(b), while actu-
ally any possible probability distributions and arbitrary
temporal modes with fixed time interval can be realized,
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FIG. 5. Measured cross-correlation as a function of storage time. (a) Cross-correlation functions measured by a
write/read beam waist of 214µm. (b) Cross-correlation functions measured by a write/read beam waist of 385µm. The insets
are the measured cross-sections of control lights in the middle of atoms, and the values of beam waist are calculated by Gaussian
fitting.
FIG. 6. Bandwidth measurement of Stokes (red curves above) and anti-Stokes photons (blue curves below). (a)
Total transmission spectra of cascaded cavity filters for Stokes and anti-Stokes photons. (b) Counts of transmitted Stokes and
anti-Stokes photons obtained by scanning the detuning of write/read pulses. (c) Calculated frequency spectra by convolution
theorem and Fourier transform. The marked bandwidth values represent for full-width at half-maximum.
with an analogue high-voltage driver.
Note that the excitation rate of the FORD memory
here is enhanced by up to 10 times, by a newly devel-
oped feedback circuit, which can further bring exponen-
tial enhancement of multi-photons synchronization. As
shown in the schematic diagram Figure 7(b), we repeat
the write process for 10 times in a period (21.6µs) until
a successful Stokes photon is detected, then we halt the
write process with a homemade feedback circuit based on
FPGA. The enhancement of the success rate of preparing
heralded single photons we obtained here depends almost
linearly with the feedback times. In our new experiment,
we achieve 10 times higher excitation rate of single pho-
tons, which greatly facilitates the efficient realization of
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FIG. 7. Schematic diagram of creating and storing a photon chain state. (a) The FORD memory generates two
heralded anti-Stokes photons (AS1 and AS2) successively. Then photons in the chain can be mapped into the Loop memory via
optical switches, and then be mapped out to designed temporal modes independently. (b) Detailed information of the feedback
circuit. A Field Programmable Gate Array (FPGA) is used to generate write pulses ten times each period, until a Stokes
photon is successfully detected. Wollaston prism (WP) and cavities serve as polarization and frequency filters respectively.
storing a fully operable heralded photon chain state.
In order to demonstrate high nonclassicality, the
atomic ensemble is pumped to initialize the state each
time before the write/read pulses applied, which takes
1µs for pumping, as is shown in Figure 10(a). Mean-
while, it takes another 1.08µs to repeat write pulses until
a successful Stokes photon is detected. Including the op-
tical path delay, the interval between two heralded anti-
Stokes photons is more than 2.5µs, without considering
the storage time of FORD memory. Therefore, a 500-
meter-long fiber is introduced as a fixed delay line to
coordinate with the Loop memory. The fixed delay of
the switchable fiber is employed to mitigate the lifetime
difference between FORD and Loop quantum memories,
allowing versatile two-memory coordination.
To be specific, we introduce a 500-meter-long fiber and
two optical switches, to coordinate with the Loop mem-
ory, as low-loss delay. As we can see in Figure 10(b), two
sets of Pockels cell and polarization beam splitter serve
as high-speed optical switches, which are controlled by
the signals of FPGA. Pockels cells are activated when
the first anti-Stokes photon arrives. The first Pockels
cell switches the photon to be vertically polarized, and
then the photons will be reflected into the 500-meter-
long fiber. Then the second Pockels cell switches the
photon back to be horizontally polarized. As for the sec-
ond anti-Stokes photon, Pockels cells will not respond.
Such a 500-meter-long fiber is specifically designed for
long storage time scenarios. For example, in order to
map a two-photon chain state into the Loop memory,
the first arrived anti-Stokes photon will be stored for
more than 2.5µs in loop to wait for the arrival of the
second anti-Stokes photon, leading to significant photon
loss of the first anti-Stokes photon. The long fiber here
provides another path with additive latency, which is rel-
atively low-loss, and can coordinate with the Loop mem-
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FIG. 8. Measured cross-correlation values for photon chain states. (a) Cross-correlation values for various operations
on AS1 and AS2: First In First Out (FIFO), First In Last Out (FILO), Combining and Splitting. Three inserts in the right
are the cross-correlations of fine tuning situations. (b) Cross-correlation values for various operations on AS1, AS2 and AS2’,
under various chopping probabilities.
TABLE I. Measured cross-correlation functions under various operations.
t1(ns) t2(ns) t3(ns) t4(ns) t5(ns) g
(2)
S1−AS1 g
(2)
S2−AS2 g
(2)
S1−AS2 g
(2)
S2−AS1 g
(2)
S2−AS3 g
(2)
S1−AS3
FIFO 565.5 2488.5 10 10 - 8.3± 0.3 8.1± 0.2 1.0± 0.1 1.1± 0.1 - -
FILO 565.5 2488.5 10 -10 - 8.3± 0.3 8.4± 0.1 1.0± 0.0 1.1± 0.1 - -
Combine 565.5 2548.5 70 10 - 8.8± 0.3 8.7± 0.2 1.0± 0.1 1.1± 0.1 - -
Split 565.5 2508.5 30 90 - 8.0± 0.3 8.1± 0.1 1.0± 0.0 1.1± 0.1 - -
(+2 ns) 565.5 2510.5 32 92 - 8.0± 0.3 7.2± 0.3 1.1± 0.1 1.0± 0.1 - -
(-2 ns) 565.5 2506.5 28 88 - 8.7± 0.3 7.9± 0.3 1.0± 0.1 1.1± 0.1 - -
(+4 ns) 565.5 2512.5 34 94 - 8.7± 0.2 8.1± 0.2 0.9± 0.1 1.0± 0.1 - -
Chop 1:3 565.5 2488.5 10 10 20 8.2± 0.3 6.8± 0.5 0.9± 0.2 1.0± 0.1 6.7± 0.3 1.0± 0.1
Chop 2:3 565.5 2488.5 10 10 20 8.0± 0.3 7.2± 0.4 1.1± 0.1 1.1± 0.1 7.4± 0.3 0.9± 0.1
Chop 7:3 565.5 2488.5 10 10 20 7.9± 0.3 7.1± 0.3 1.2± 0.1 1.1± 0.1 7.0± 0.5 1.2± 0.2
Chop-FIFO 565.5 2488.5 10 10 40 7.5± 0.3 7.1± 0.3 1.0± 0.1 1.0± 0.1 7.0± 0.3 1.0± 0.1
Chop-FILO 565.5 2488.5 10 10 10 7.2± 0.4 7.4± 0.2 1.0± 0.1 1.2± 0.2 1.2± 0.2 6.6± 0.4
ory, to demonstrate the temporal swapping of photons in a chain.
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FIG. 9. Tunable chopping probability of a single photon in the Loop memory. (a) Calculated probability distributions
of the mapped-out photons as functions of half-wave voltage. Focus on the first (curve in blue) and second part (curve in green),
the proportion between two pulses can be arbitrary such as 7:3, 2:3 and 1:3 marked as pulse shadows, by applying different
half-wave voltages to the Pockels cells. (b) The measured probability distributions of the mapped-out anti-Stokes photons.
The shadow pulses represent the sum of AS2 and AS2’.
FIG. 10. Path selection process before photons being mapped into the Loop memory. (a) Time sequences of pumping
light and write/read pulses for generating a two-photon chain in FORD memory with memory-enabled feedback enhancement.
The operation period of 21.6µs is limited by the repetition rate of PC1 and PC2, which is 50 kHz. (b) Schematic diagram of
path selection process. A 500-meter-long fiber serves as a low-loss optional delay line for anti-Stokes photons. PC: Pockels cell.
Circulation period τ equals to 21.6µs.
